Using a molecular dynamics model the crystallinity of Mg x Al y O z thin films with a variation in the stoichiometry of the thin film is studied at operating conditions similar to the experimental operating conditions of a dual magnetron sputter deposition system. The films are deposited on a crystalline or amorphous substrate. The Mg metal content in the film ranged from 100% (i.e. MgO film) to 0% (i.e. Al 2 O 3 film). The radial distribution function and density of the films are calculated. The results are compared with x-ray diffraction and transmission electron microscopy analyses of experimentally deposited thin films by the dual magnetron reactive sputtering process. Both simulation and experimental results show that the structure of the Mg-Al-O film varies from crystalline to amorphous when the Mg concentration decreases. It seems that the crystalline Mg-Al-O films have a MgO structure with Al atoms in between.
Introduction
Modern materials science is increasingly concerned with design, synthesis and exploration of chemically complex materials and structures. The increased degrees of chemical freedom of multielemental materials allow adjustment of many parameters including lattice parameters, electronic band structures and magnetic properties [1] . This flexibility is well presented by the highly diverse family of complex metal oxides. Subtle changes in the strength of the interaction between the valence electrons as a function of the type and positions of metal ions present in the lattice of these materials mean that they can exhibit the full range of electrical conductivity, can be magnetoresistive, antiferromagnetic or piezoelectric.
Metal-oxide films have many applications in microelectronic, superconducting and optoelectronic devices. Compared with the extensive research performed on metal and semiconductor thin films, comparatively less work has been done on oxide and ceramic thin films [2] . Magnesium oxide, aluminium oxide and spinel (MgAl 2 O 4 ) have a very low standard free energy and hence a high thermodynamic stability. Hence, MgO and MgAl 2 O 4 films have been used as buffer layers for further deposition of high-temperature cuprate superconducting films [3, 4] and for ferroelectric films [5, 6] on semiconductor substrates. Al 2 O 3 thin films have also been used as a buffer layer in order to improve the optical properties [7] and in various types of microelectronic devices as a dielectric, diffusion and/or tunnelling barrier [8] [9] [10] . There are few experimental studies on the structure and properties of MgO, MgAl 2 O 4 and Al 2 O 3 thin films deposited on Si or SiO 2 by different techniques [11] [12] [13] [14] [15] . In general, the MgO films were reported to have a crystalline structure with different orientations depending on the substrate temperature [11, 13, 15] . The deposited MgAl 2 O 4 , and Al 2 O 3 films were characterized by an amorphous structure [12] [13] [14] [15] .
Thin films can be deposited by a variety of techniques depending on the desired structural and mechanical properties of the coating. Magnetron sputter deposition and pulsed laser deposition are two techniques that presently offer the best solution for deposition of high-quality complex metaloxide thin films [1] . These methods allow a nonthermal growth process, which is based on the generation of energetic deposited particles with a kinetic energy comparable to the bond strengths of the growing film. In this way the energy required to significantly enhance the surface diffusion to produce crystalline growth can be provided by the depositing species instead of heating of the entire film and substrate [1] . Reactive magnetron sputter deposition is a commonly used physical vapour deposition technique to produce oxide, nitride and carbide thin films [16, 17] . In order to obtain the desired film stoichiometry onto the substrate using this method, electrical power is applied to pure metal targets and a reactive gas is added to the process.
A better understanding of thin film growth can be achieved via simulations. In this work, a classical molecular dynamics (MD), method has been chosen because compared with the quantum mechanical approach, based on density-functional theory, it is applicable to systems consisting of a much larger number of atoms. Hence, the MD simulation can provide information not only about the initial stage of film formation but also about the film growth. However, the application of the MD method is limited by the ability to obtain highquality transferable interatomic potentials. The experiment guided the choice of the potential in this study. It should also be mentioned that the deposition rates calculated by the MD model are several orders of magnitude higher than the experimental deposition rates. The reason is the MD timestep, which has to be small enough to resolve the atomic vibrations, i.e. in the order of femtoseconds [18] . In order to reduce the computational time, two successive deposition steps occur in a time-scale of a picosecond. This simplification means that the MD simulation does not consider thermal diffusion, whose diffusion constant has values from 10 −7 to 10 −12 m 2 s −1 [1] . These obstacles explain the limited number of papers investigating film growth by atomistic simulations [19] [20] [21] . However, when energetic atoms are deposited as in the magnetron sputter deposition process it can be assumed that the thermal diffusion does not play a significant role in the simulation of film growth if the substrate temperature is low compared with the activation energy barrier for surface diffusion [1, 21] . Hence, the fast deposition simulated by MD could be a reasonable simplification if the energetic deposition flux, which enhances the surface diffusion, plays an important role in the film growth compared with the thermal surface diffusion, as discussed further in this work. This paper investigates the structure of Mg x Al y O z thin films at different concentrations of Mg, Al and O by MD simulation. The simulation operating conditions are similar to the experimental operating conditions of thin film deposition in a dual magnetron sputtering process. The simulation results are compared with experimental results. The structure of the experimentally deposited films is evaluated by x-ray diffraction (XRD) and transmission electron microscopy (TEM). 
MD model

Methodology
MD is a technique for computing the equilibrium and transport properties of a classical many-body system. Giving an initial set of positions and velocities of a system of N atoms, Newton's equations of motion are solved for this system [18] . The MD package DL POLY [22] is used to simulate the deposition of atoms. A driving program is written which automates the deposition and relaxation.
The potential describing the interaction is a classical pairwise ionic potential, i.e. the sum of a long range and a short range part [23] :
where q i , q j are the charges of atoms i and j , r ij is the distance between the atoms and A, ρ and C are the parameters fitted for each pair of ions. The first term is the Coulombic interaction, the exponential term represents the short range repulsion and the term (−r −6 ij ) accounts for the van der Waals attraction. A more general potential form also includes a three-body term, which is important in covalent systems. However, the ionic bonds in oxides are much longer ranged than the covalent bonds. Therefore, as a first approximation the three-body term in the potential may be omitted for ionic systems [24] . In addition, the electrostatic energy contribution for ionic systems is an order of magnitude greater than the short range energy contribution which we also found in our calculations. The potential parameters used in this study were adopted from [25] and are summarized in table 1.
The electrostatic interaction is computed accurately by the Ewald summation technique [26] , which is applied to three-dimensional (3D) periodic boundary conditions [22] . Therefore, the surface is simulated by adding vacuum slabs in the z-direction above and below the substrate. Then the unit cell is repeated infinitely by applying 3D periodic boundary conditions. The vacuum is sufficiently large to ensure that the interactions between the slabs are negligible. This technique allows creating a 2D-slab geometry where the Ewald summation can be applied [20, 22] . The MD package DL POLY implements the smoothed particle mesh Ewald method of Essmann et al [27] , which is a modification of the standard Ewald method.
Operating conditions
Mg
2+ , Al 3+ and O 2− ions in different ratios are deposited one by one on a crystalline or amorphous substrate surface. The temperature in the vacuum chamber in the experiment is 300 K. However, the temperature of the substrate in the simulation is assumed to be 500 K, to account for substrate heating during plasma exposure. The simulation pressure is assumed to be zero because of the vacuum slabs added to the substrate in order to simulate the surface in 3D periodic boundary conditions. This value, however, is close to the pressure in a magnetron reactor where the pressure is typically very low [17] .
The cutoff for both short and long range interactions is set to 8 Å. The substrate cell has dimensions (17×17×17) Å. The size of the system was chosen in a way that each dimension would be at least twice the cutoff.
Each ion is placed in the vacuum slab at a random position from 4 to 7 Å above the surface. The velocities of the O 2− ions are sampled from a Maxwellian distribution with the most probable energy of 0.025 eV (300 K) and random direction. The velocities of Mg 2+ and Al 3+ ions have values calculated from a Maxwellian distribution with the most probable energy of 1 eV and the direction at a certain angle to the plane normal to the surface (see figure 1) , which corresponds to the position of the two metallic targets in the experiment [15] . The timestep is chosen to be variable and is calculated in the model in the order of 1-2 fs. The deposition of each ion is simulated for 2000 time-steps, i.e. 2-4 ps, at the NVE ensemble (i.e. the number of particles N , the system volume V and the total energy E are kept constant) because when an atom is deposited the system is in the non-equilibrium state. The simulation results show that the high energy of the deposited Mg 2+ and Al 3+ ions is dissipated in the first 1000 time-steps. In the experiment usually the temperature or both the temperature and the pressure are kept constant. Therefore, after a deposition at the NVE ensemble, a relaxation of the system for another 2000 time-steps at the NVT ensemble (i.e. the number of particles N, the system volume V and the temperature T are kept constant) is executed before the next deposition takes place.
Experimental
Deposition of the films and XRD study
A series of thin films was produced by direct current reactivesputter deposition using two pure metal targets. Coatings were deposited on RCA-cleaned silicon substrates with native oxide, which were positioned 45
• tilted in relation to the cathodes. An oxygen flow was introduced near the substrate and its pressure was regulated according to the targets-substrate distances used, which was modified in order to achieve the desired stoichiometries. All depositions were performed in metallic mode [28] . The experimental procedure is described in more detail elsewhere [15] .
The crystallinity of the coatings was evaluated by XRD θ /2θ with a LynxEye Silicon Strip detector mounted into a D8discover apparatus (Bruker axs). The peaks observed in the spectrum were both identified as belonging to MgO facecentred cubic (ICDD pattern 045-0946).
TEM study
TEM coupled with the electron diffraction (ED) technique is a powerful tool to investigate the structural, compositional and chemical properties of thin films with atomic or near atomic resolution.
TEM investigations were carried out with a JEOL 4000EX microscope operated at 400 kV. The Scherzer resolution of the microscope is of the order of 0.17 nm. Cross section samples for TEM were prepared by mechanically grinding to a thickness of about 15 µm followed by ion-beam milling. Ion milling was done by 4 keV Ar + bombardment with the guns oriented under grazing incidence with respect to the surface.
Results
Calculated structure of the deposited films
In order to study the influence of the stoichiometry on the crystallographic properties of the thin films, MD simulations of Mg x Al y O z thin film growth on a crystalline MgO (1 0 0) and an amorphous Al 2 O 3 substrate were carried out at operating conditions similar to the conditions of a magnetron reactive co-sputter deposition system. The Al 2 O 3 film deposited by MD simulations on the MgO (1 0 0) crystal is used further as an amorphous substrate of the simulation experiment. The Mg metal content in the film ranged from 100% (i.e. only Mg and O ions are deposited) to 0% (i.e. only Al and O ions are deposited).
The films grew to approximately 5 nm. Snapshots of the films deposited on the crystalline MgO (1 0 0) and the amorphous Al 2 O 3 substrates are presented in figures 2 and 3, respectively. Based on these simulations, the radial distribution function (RDF) is calculated for each case. In order to calculate the RDF the central part of the film of around 3 nm is cut, so that the layers close to the substrate and the free surface are excluded, i.e. the RDF is calculated for the bulk film.
The Mg-O and O-O RDFs at 100%, 80%, 60% and 50% Mg metal contents calculated for the films deposited on the amorphous substrate are presented in figures 4(a) and (b), respectively. The Al-O RDF at 80%, 60% and 50% Mg metal contents is presented and compared with the Al-O RDF in a MgAl 2 O 4 crystal in figure 4(c) . The RDFs for a Mg content below 50% are not shown since they are characteristic for an amorphous structure; hence, they are identical to the RDFs at 50% Mg, for the corresponding atom pair.
At high concentrations of Mg, i.e. 100%, 80% and 60%, the calculated RDFs show outstanding peaks, representing a crystalline structure. This is also clear from the snapshots of the films at the corresponding Mg concentrations presented in figure 3 . At 50% Mg (dashed line) the intensity of the peaks decreases substantially, and after the first maximum (the shortest distance between 2 atoms) the RDF has values close to 1, which represents an amorphous structure.
The Mg-O and the O-O RDFs of the deposited film at 100% Mg, i.e. the MgO film, can be assumed to represent the structure of the MgO crystal, for which the corresponding RDFs are not shown in order not to complicate the figure. The MgO film has a structure identical to the structure of the MgO crystal, i.e. the intensity and position of the peaks are very similar to those of the MgO crystal. The peaks in the Mg-O and the O-O RDFs of the crystalline films at 80% and 60% Mg coincide with the peaks of the corresponding RDFs in the pure MgO film. The Al-O RDF shows that the first peak coincides with the first peak in the spinel structure, which is calculated to be placed at 1.85 Å (compared to 2.1 Å, where the first peak in the MgO crystal is calculated). However, the positions of the following peaks are shifted and coincide with the peaks in the Mg-O RDF of the MgO crystal at 3.6, 4.65 and 6.3 Å (compared with 3.5, 4.5 and 6.1 Å in the spinel structure). Therefore, the crystalline films seem to have a MgO structure with the Al atoms between the MgO, as can also be seen from the snapshots in figures 3 and 4.
The calculated Mg-O, Al-O and O-O RDFs for the films deposited on the crystalline MgO (1 0 0) substrate look very similar to the RDFs presented in figure 4 and are therefore not shown. Only the transition to the amorphous structure of the film is observed at 40% Mg metal content instead of at 50% Mg. In summary, the RDFs show that a transition from a crystalline to an amorphous structure of the films is observed when the Mg metal content decreases, independently of the substrate structure. However, the orientation of the films is different (cf figures 2 and 3). In the case of a MgO (1 0 0) substrate all crystalline films have the same orientation as the substrate. In the case of the amorphous substrate no preferential orientation of the simulated films is observed. Further, the transition in the structure in the case of deposition on the crystalline substrate is observed at 40% Mg metal content, while in the case of deposition on the amorphous substrate the transition is observed at 50% Mg metal content.
The densities of the simulated films are calculated and presented in figure 5 . , is calculated to be very close to the data of 3.58 g cm −3 corresponding to a MgO crystal. The densities of the Mg-Al-O and Al 2 O 3 films are calculated to be lower than the densities of the MgAl 2 O 4 and Al 2 O 3 crystals because the corresponding films have an amorphous structure (based on the simple reasoning of closed packing). A minimum of film density is observed at 40% and 50% Mg, where the transition to an amorphous structure is also observed (see above).
Comparison with the experimental results
The deposition and evaluation by XRD and TEM of the Mg x Al y O z thin films deposited on a crystalline substrate (Si) are presented in a separate paper [15] . The surface energy, crystallinity, hardness, refractive index and surface roughness were investigated. It was observed that the structure of the Mg-Al-O film indeed varies from crystalline (higher Mg metal content) to amorphous (lower Mg metal content) [15] . A critical compositional region between 60% and 40% Mg metal content was noticed where all properties exhibit a change [15] . It should be noted that the calculated density of the films deposited by the MD model has a minimum in the same region (see figure 5 ). 
XRD analysis.
In this work an interlayer of amorphous Al 2 O 3 with approximately 150 nm was deposited between the silicon substrate and the thin film. In this way the experiment and the simulation use similar amorphous substrates. Figure 6 shows the intensity of the XRD θ/2θ peaks as a function of the Mg metal content. When there is no Al in the coating, MgO is XRD crystalline and grows with preferential orientation [1 1 1] . This agrees with the previous observations [30, 31] and it is also explained in [32] . When Al is added, the preferential growth orientation is influenced. A decrease in the peak [1 1 1] is registered and a second peak [1 0 0] appears whose intensity increases with increasing Al concentration in the film. At a Mg metal content lower than 55% in the coatings the intensity of both peaks presenting (1 0 0) and (1 1 1) orientations decreases substantially. A further study of the samples by TEM shows that the films at low Mg concentrations have indeed an amorphous structure (see below). This transition from crystalline to amorphous structure was also observed when the Mg x Al y O z thin films were deposited on a crystalline Si substrate at similar Mg concentrations [15] . The inset of the image represents the corresponding ED pattern which shows differences in the film structure as well. The ED pattern is a ring pattern, which is a clear indication of random grain orientations within the film. It can also be indexed based on the MgO crystal structure. However, the rather weak intensity of the dense ring pattern may suggest that the grain size is quite small and the crystallinity of this film is of a lower extent. All films appear to have a relatively well-defined interface between the Al 2 O 3 interlayer, the substrate and the film. The level of crystallinity of the Mg-Al-O films is reduced as their Mg metal ratio decreases. The TEM study suggests that the 
TEM analysis.
Discussion
The results of the MD simulations are in agreement with the experimental results concerning the crystallinity of the thin films and with the observation that the crystalline films have a MgO structure. The XRD study showed that the MgO film on the Al 2 O 3 substrate grows preferentially in the (1 1 1) direction and when Al is added the (1 0 0) orientation was also found. In the MD simulation it is difficult to define the orientation because in all simulated cases of crystalline films on the amorphous substrate the orientation of the film is (1 0 0) or (1 1 1) tilted at an angle. The simulated crystalline films on the MgO crystal substrate grow in the same direction (1 0 0) as the substrate. Hence, a comparison of the evolution in the orientation of the simulated and experimentally grown films is difficult to make. However, both simulation and experiment observed the transition from a crystalline to an amorphous structure in the same region of the Mg and Al metal ratio. Other experimental investigations of the Mg-Al-O films deposited by atomic layer deposition (ALD) also reported that the films were amorphous with the exception of the slightly crystalline films with MgO (1 1 1) orientation when Mg-rich films were deposited [13, 14] . The crystal structures of MgAl 2 O 4 and Al 2 O 3 are more complex than the simple cubic crystal structure of MgO. Therefore, the much more complex energy surface when the Al content in the film increases might be the reason for the observed transition from a crystalline to an amorphous structure of the film. We think that the activation energy barriers for diffusion and the diffusion coefficients could give information about the observed transition in the film structure. Further study of the activation energy barriers and diffusion coefficients is foreseen in order to explain the observation of this work.
As was noted in the introduction, when energetic atoms are deposited as in magnetron sputter deposition it can be assumed that the thermal diffusion does not play a significant role in the film growth if the substrate temperature is low compared with the activation energy barrier for surface diffusion [1] . In this work the Mg and Al atoms are assumed to arrive with the most probable energy of 1 eV. The energy barriers for Mg and O hopping on a MgO (1 0 0) surface are calculated to be 0.33 eV and 0.43 eV, respectively, and for Mg and O exchanging they are 0.32 eV and 0.88 eV, respectively [33] . These energy barriers are indeed high compared with the substrate temperature of 0.043 eV (500 K) in the experiment. Therefore, we can expect that diffusion enhanced by the deposited energetic atoms might be more important for the film growth than the thermal diffusion in the MD simulation. Indeed, this conclusion has also been observed by Adamovic and co-authors in their study of the atomistic processes induced by normally incident energetic Pt atoms with energies from 5 to 50 eV using deposition fluxes approaching the experimental conditions in metal film growth [21, 34] . A MD method is used to deposit 1 atom in each nanoecond on a substrate with a temperature of 1000 K. The results provide direct evidence that the observed transition from 3D multilayer growth to layer-bylayer growth is due to the atomistic processes induced during the initial 10 ps following the impacts. It was demonstrated that energetic incident atoms enhance inter-and intralayer mass transport during the film growth. The presented results have increased significance in the low-temperature deposition regime where thermally activated processes are exponentially suppressed [21, 34] .
As mentioned in the section describing the MD model, it is observed that the incident ion energy is dissipated in the first few picoseconds. It is also found that this is the time-scale in which the ion-induced displacement events are completed in this study. Hence, the fast atom deposition in the MD simulation, i.e. the high simulated deposition rate, is a reasonable simplification in this work. However, it is planned to investigate the influence of the thermal diffusion by the temperature accelerated dynamics method [35] . The method accelerates the diffusion by heating the system for a short time and allows extension of the simulation time-scale.
Conclusion
Mg x Al y O z thin films grown in a dual magnetron sputter process with a variation in the stoichiometry are studied by MD simulations at operating conditions similar to the experimental operating conditions. The crystallinity of the films is defined by the calculated RDFs. The film density is also calculated.
The results show that a transition in the film structure from a crystalline to an amorphous structure, when the Mg concentration decreases below 50%, is observed. The transition is observed independently of the substrate structure. The structure of the crystalline films can be described as a MgO structure with Al atoms between the MgO structure. The density and the structure of the pure MgO film are calculated to have close values to the density and structure of a MgO crystal. The density of the films with stoichiometry close to that of spinel (at 40% Mg) and Al 2 O 3 (0% Mg) has values lower than the corresponding crystal densities.
The results from the MD simulations are compared with XRD and TEM analyses of the experimentally deposited thin films by a dual magnetron reactive sputtering process. The experimental results also showed that the structure of the films changes from crystalline at a high Mg content to amorphous at a low Mg content and the critical concentration is found to be around 50% Mg, which is in agreement with the MD results.
